Insulating liquids are widely used in high voltage industry applications which include the power stations, high voltage transformers and impulse power generators. Typical insulating liquids used in industry are mineral oils. In recent years, a large number of research papers have been published which focus on search for suitable liquid dielectrics to replace mineral oils and to achieve better dielectric performance. The dielectric performance of insulating liquids is a key factor which has to be considered in industrial design. Dielectric properties including ac breakdown voltage and mobility of charges are important parameters which characterize dielectric properties of liquid insulators. In this paper dielectric properties of synthetic ester, Midel 7131; mineral oil, Shell Diala D and basic vegetable (rapeseed) oil have been investigated. The ac breakdown voltages and the dc prebreakdown currents have been obtained and an apparent mobility of charge carriers in these liquids has been calculated.
INTRODUCTION
Insulating liquids are used to provide dielectric protection in power equipment. These liquids also increase equipment's cooling capacity. Typical insulating liquids are naphthenic mineral oils. Stringent environmental protection regulations are encouraging the use of bio-degradable liquids with low toxicity, also modern high voltages systems require insulating liquids which are able to withstand much higher electric fields. Therefore, new insulating liquids are required for applications in power and pulsed power industries.
Natural, organic oils and synthetic esters can be considered as a substitute for traditional naphthenic mineral oils. This paper focuses on investigation of the dielectric properties of different insulating liquids. Their dielectrics characteristics, including breakdown strength and pre-breakdown conductivity were measured under ac high voltage (ac HV) and dc high voltage (dc HV) conditions.
AC BREAKDOWN VOLTAGE TEST

EXPERIMENT TECHNIQUE
AC breakdown voltages were measured in the electrode configuration which satisfies the ASTM D 1816-04 standard [1] . The environment is set at the room temperature and atmospheric pressure. Figure1 shows the electrode topology. Electrode system made of polished brass is a pair sphericallycapped which designed according to ASTM D 1816-04 standard. The gap between two electrodes is 0.5 mm. AC breakdown voltages were measured using TDS 220 digital oscilloscope and Tektronix P6015A HV probe. 
SETUP OF BREAKDOWN TEST
A Foster breakdown test apparatus has been used to measure ac breakdown voltage. This apparatus produces a 50 Hz ac voltage across the test cell filled with liquid. AC voltage was applied to the electrodes immersed in the sample oil with 1kV/s rate; ac breakdown voltage was measured using Tektronix 1:1000 probe and Tektronix digital oscilloscope.
There were 70 breakdown tests for each oil sample. Breakdowns damage the electrode surface. This electrode erosion affects breakdown voltage and after initial 20~30 breakdowns, the level of surface erosion stabilizes. Breakdown voltages were calculated using three independent breakdown tests for each liquid. Electrodes were polished after each three series of tests and the test cell and electrodes were cleaned with alcohol washed with distilled water. The test cell was dried in the oven for a few hours to remove remaining water. Figures 2-4 Midel 7131 (synthetic ester) provides the highest ac breakdown voltage but it also has the largest standard deviation. Diala D (mineral oil) provides a higher breakdown voltage as compared with rapeseed oil. Also, this mineral oil has the lowest standard deviation of the breakdown voltage which is an important factor in many industrial applications. Rapeseed oil (natural ester) has the lowest ac breakdown voltage. The value of the standard deviation of the ac breakdown voltage for rapeseed oil is lower than that for Midel 7131 ester fluid and higher than the standard deviation for Diala D oil. The potential reason for the higher values of standard deviations observed for Midel 7131 and the vegetable fluids is higher moisture content and the presence of contaminants (fiber) in the vegetable oil. Future ac breakdown experiments will be focused on the analysis of distribution of breakdown voltages and their comparison with previously published results [2, 3] . These preliminary tests demonstrate that rapeseed oil has a potential to be used as an industrial insulating liquid.
EXPERIMENT RESULTS
DC PRE-BREAKDOWN CURRENT
By measuring the dc pre-breakdown current in insulating liquid an apparent mobility of charge carriers can be calculated [4] . This mobility can be used to evaluate the conductivity of insulating liquids, Fowler-Nordheim (FN) plots can be used to analyse charge injection and conduction mechanisms in insulating liquid [5, 6] . tip curvature radius was ~25 μm. Positive and negative voltage was applied to the point electrode. The conduction current in the oil samples was measured using a custom built current sensing amplifier with a 1 kȍ current viewing resistor. The voltage output from the amplifier was monitored using TDS 2024 digital oscilloscope, and the applied voltage was monitored using TES&TEC HVP-40 HV probe.
EXPERIMENTAL TECHNIQUES
TEST PROTOCOL
The point-plane electrode topology was stressed with dc voltage, the voltage was increased from 0 to its maximum value (-30kV) with 1 kV steps. The conduction current values were recorded for each voltage step.
Three independent current tests were conducted using each liquid. As in the case of ac breakdown tests, the test cell and electrodes were cleaned with alcohol, washed with distilled water and dried in the oven after each set of three measurements. Figure 7 shows the square root of the conduction current. The results show that initially the square root of current behaves non-linearly; however with an increase in voltage curve. The calculation method has been discussed in paper [6] . In the region where the square root of current has a linear relation with voltage, the apparent mobility, μ, can be calculated using the following equations: The values of relative permittivity of oils are required in order to calculate the mobility have been taken from paper [5] and they are: ߝ ൌ ʹǤͷ for rapeseed oil; ߝ ൌ ʹǤʹ for Diala D oil; ߝ ൌ ͵Ǥʹ for Midel 7131 liquid. Coefficient B and μ for each liquid are given in Table 1 . The results show that the apparent motilities of the charge carriers in Midel 7131 and Diala D liquids are slightly different as compared with the values given in paper [5] . For negative energisation the apparent mobility of the charge carriers in Midel 7131 is slightly higher than previously reported value (0.00221
RESULTS: MOBILITY OF CHARGE CARRIERS
). The apparent mobility of the charge carriers in Diala D oil is lower than previously obtained value (0.00344
). Rapeseed oil has the lowest value of the apparent mobility compared with Midel 7131 and Diala D liquids.
RESULTS: DETERMINATION OF ENERGY
BARRIER HEIGHT The I-V data can be represented as a Fowler-Nordheim plot in order to investigate potential charge injection mechanisms. The FN plot has three regions. In the high voltage region (space charge saturation regime) the squared voltage is proportional to the current. In the intermediate region, the linear negative slope of the curve corresponds to the FN relation (tunneling regime). In the low voltage region, the current and voltage relation shows the resistive character, [5] .
In the high voltage region, the spaces charge defines the conduction current in the electrode gap. The square root of the current is proportional to the applied voltage. In the low voltage region, the current shows its ohmic character. In the intermediate region, the conduction current is controlled by the tunneling mechanism. In this area, electron emission and tunneling through the energy barrier at the metal-liquid interface is occurring. The functional dependency of the emission current on the applied voltage can be represented as below:
In this equation, ɖ is the height of the energy barrier, d is the gap between electrodes, ο݀ is the barrier thickness, assumed by the authors to be 5 nm. ߝ is permittivity of the insulating liquid. The linear slope, E, can be determined from the FN plot. To fit the FN plot, Equation (4) can be used, this equation is re-arranged as:
By measuring the slope coefficient, E, the energy barrier can be calculated, [6] . The critical voltage at which transition from the space charge saturation region to the tunneling regime region was observed is: -15 kV for Midel 7131; -16 kV for Diala D; -23 kV for rapeseed oil. Under negative voltage stress, Midel 7131 has the lowest energy barrier as compared with other tested liquids. However in the ac breakdown tests, this oil demonstrated a high breakdown voltage which may be explained by potential charge screening effect. The magnitude of energy barrier for the rapeseed oil, 0.18 eV, is similar to the magnitude of the barrier in Diala D mineral oil. These results show that natural ester has a potential to be used as an insulating liquid in some practical applications.
CONCLUSIONS
The ac breakdown behavior of Midel 7131, Diala D and natural vegetable oil has been investigated using the ASTM D 1816-04 standard test geometry.
I-V characteristics using a point plane geometry have also been determined for Midel 7131, Diala D and natural vegetable oil under negative dc excitaion. I-V characteristics were used to determine the apparent mobilities of the charge carriers in these liquids and the energy barriers associated with electron tunneling. The apparent mobilities obtained in the present work for Midel 7131 and Diala D liquids are within 10% of the values reported in [5] . The energy barrier obtained in the present paper for Diala D oil is 10% lower than the barrier value reported in the literature, [6] . Midel 7131 liquid has the lowest energy barrier as compared with other liquids tested in the present work.
